Abstract-A discrete state-space model of a twoarea interconnected power system with reheat steam turbine, governor dead band nonlinearity and superconducting magnetic energy storage is developed in this paper. The effect of a smallcapacity superconducting magnetic energy storage (SMES) system is studied in relation to supplying sudden power requirements of real power load. The feasibility of using an IGBT converter instead of a thyristor converter as a power conditioning system with the SMES is studied. Time domain simulation results are also presented which show improvement of transient response with SMES.
I. INTRODUCTION
It is well known that superconducting magnetic energy storage is fast acting and might be used either for diurnal load leveling or for power system damping [1] [2] [3] [4] [5] . In the first case, large sized (hundreds of meters on diameter) high capacity superconducting magnets capable of storing 10 7 -10 8 MJ are necessary. For the second application, very small sized SMES units with storage capacity in the order of 100 kJ but capable of very high rates of repetitive field changes would be sufficient. Slower small sized SMES units have become commercial recently for single operation applications as uninterruptible power supplies [6] .
In this paper, the area control error is used to control the SMES, when both load and SMES are connected in parallel at the generator terminal. In most automatic generation control (AGC) studies, the effect of governor deadband and generation rate constraint are neglected for simplicity. But they are considered in the present paper. Deadband was considered for continuous system in [7] . Thyristor or Gate Turn Off thyristor (GTO) converters have been proposed in the past for the SMES power conditioning system [8, 9] . A third possibility has emerged, that is the Insulated Gate Bipolar Transistor (IGBT) for use in a Pulse Width Modulated (PWM) converter and chopper of the power conditioning system [10, 11] .
II. DISCRETE-DATA CONTROL MODEL FOR AGC
A typical 2-area power system with reheat steam turbines and governor deadband nonlinearities is shown in Fig. 1 for AGC studies.
The continuous-time dynamic system is described by a set of linear differential equations as follows. ss where (3) - (5) the sampling interval T is small enough, as low as 0.1 s, to avoid an aliasing problem. However, calculating the rate of digital control action could be much slower. In this paper, the same sampling rate to approximate the continuous system by a discrete process and the rate of control action have been chosen.
where L is a suitable number (such as 100) to be chosen such that the series in (5) converges. For the 2-area system shown in Fig. 1 , the state vector is of 9th order.
Since the steady-state errors of frequency and tie-line powers should be driven to zero by AGC, the integral controls of the power system can also be included in the state-space model:
III. GOVERNOR DEAD-BAND
It has been shown that a governor deadband of the backlash type can be linearized by the describing function approach [7] . The transfer function of the governor G g (S) is modified as follows to take into account the deadband nonlinearity B andDB 2 inFig. 1). If the deadband effect is neglected then Ni = 1, N2 = 0. The generation rate constraint is shown by limiter in Fig. 1 and discussed in ref. [5] .
IV. CONFIGURATION OF SMES Fig. 2 shows the basic configuration of a SMES unit in the power system. The converter consists of a 6-pulse PWM rectifier/inverter using insulatedgate-bipolar-transistors (IGBT's) capable of switching at 2.5 kHz interfacing with the ac power system and a dc-dc chopper interfacing with the SMES coil (cf. [11] ). The PWM converter and the dc-dc chopper are linked by a dc link capacitor. The IGBT is a new power switching device, which is basically a hybrid MOS gated turn on/off bipolar transistor. IGBT's offer low on-resistance and require very little gate drive power. In the reverse direction, the IGBT does not have a conducting body diode but provides blocking (5-10 V) due to a reverse biased p+ -n-junction. Therefore, in voltage-fed converter applications, an anti-parallel diode is connected externally.
SMES Equations
The energy stored in the SMES coil ( Fig. 2 and Appendix) at any instant is
Once the rated current in the inductor is reached, the SMES unit is ready for automatic generation or load control. The change in ACE is sensed and used to control the SMES voltage, UgM by altering the duty cycle of the chopper. During sudden loading of the system, the generator cannot pick up the load due to its inertia so that ACE will be negative, and the SMES will discharge. The SMES voltage is to be negative since the current through the inductor cannot change its direction.
The incremental change of voltage across the SMES coil is In the storage mode USMO = 0, so that is neglected. The power is expressed in per unit of rated power capacity of either area, P r . Therefore,
Chopper Equation
The concept of using GTO choppers is outlined in [9] . In this discussion we shall use IGBT choppers T7 and Tg in Fig. 2 . The dc voltage across the capacitor U z is kept constant throughout by the 6-pulse PWM converter. To enable charging and discharging of the SMES, dc voltage UsM °f proper magnitude and polarity are to be impressed across the coil. This is accomplished by automatic adjustment of the duty cycle, D = T on /T cyc i e of the chopper, (T cyc i e = T on + T off ).
If the two IGBT's T 7 and T 8 are conducting simultaneously during T on period, the diodes Di and D2 become reverse biased and the coil current \Qm flows in the direction shown to charge SMES. On the other hand, if both T7 and Tg are off simultaneously, then the diodes Dx and H 2 become forward biased and current is returned to the capacitor. 
Six-Pulse IGBT Voltage Source Converter/Inverter
To start with, the dc link capacitor is charged through the diodes of the six-pulse voltage source converter (anti-parallel to Ti-Tg) with gating signals to the IGBT's being blocked. When the gate pulses are released, the dc link voltage builds up to the reference value.
Independent control of real power P and reactive power Q is possible by adjusting voltage angle and magnitude respectively at the converter terminal [8, 9] . For a 3-phase ac power system, we have the following equations The converter operates synchronously with the power system. P can be independently controlled by adjusting 0 by a frequency jogging technique [12] . Q can be independently controlled up to 1 pu by adjusting V by a small amount up to .01 pu by varying the amplitude of the modulating sinusoidal waveform of the converter, operating with sinetriangle pulse width modulation.
V. DIGITAL SIMULATION
Digital simulation of sampled data control of AGC and SMES are carried out by putting a step load increase of .01 PUMW in area 1 of the power system, shown in Fig. 1 . The load change in area 2 is assumed to be zero. The modified state vector x' can be expressed as follows: In order to take the generation rate constraint into account, a weight factor w 2 is associated with it in (20). A high value of w 2 will penalize GRC and PI. u>i and w 2 were chosen 0.3 and 2.5 by a trial and error method for wider range of power control characteristics [5] . Sensitivity analysis establishes that 120 kJ SMES could stabilize power system up to 50 MW capacity. The economic aspects of SMES is discussed in [13] .
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